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The complex interaction between the soil and the structural elements of a tunnel built with provisional jet-grouted reinforcement is analysed
with two- and three-dimensional FEM models to understand the mechanisms activated by this tunnelling methodology and to quantify the effects
of possible simpliﬁcations introduced into the predictive analysis. With this goal in mind, the construction of a shallow tunnel is carefully
simulated taking the geometry and the construction time sequence from a real case study. The role of soil constitutive modelling is investigated
by comparing the results obtained with a linear elastic–perfectly plastic model, a hypo-plastic model, and an improved version of the latter model
better reproducing the nonlinearity at the early stages of loading. Since a jet-grouted canopy, provisional sprayed concrete, and a permanent
reinforced concrete lining are required to carry loads soon after their installation, the increase in stiffness and strength versus the time produced by
the cement hydration has also been simulated. The outcomes of the analysis highlight the three-dimensional nature of the deformation
mechanisms taking place near the advancing front, the effects produced by the different tunnelling operations, and the role of the different
structural elements. Although the analysis of the settlements at the ground level reveals the importance of performing three-dimensional
calculations with an accurate simulation of the nonlinearity of the soil behaviour, these aspects seem to play a minor role in the prediction of
structural forces.
& 2015 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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The primary objective of tunnelling is to create a cavity in
the underground and to replace the portion of excavated soil/
rock with a hollow structure that is able to adsorb the stress
acting on the removed material. During such an operation, the
construction methodology plays a meaningful role in terms of
both the ground deformations and the stress activated in the10.1016/j.sandf.2015.08.002
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der responsibility of The Japanese Geotechnical Society.newly created lining. This concept can be easily visualised
from the simple schematisation reported in Fig. 1 (Pacher,
1964). Here, the stress exchanged between the ground and a
generic lining (pr) and the radial convergence ΔR of both
systems are found at the intersection between two curves,
namely, a decreasing continuous line representative of the
ground response and an increasing dashed line reproducing the
lining stiffness. The diagram shows that, while the conver-
gence, quantiﬁed by the abscissa of the intersection point,
decreases with the stiffness of both the ground and the lining,
the exchanged stress, represented by the ordinate of the same
point, increases with the lining stiffness and decreases for a
stiffer response of the surrounding material.Elsevier B.V. All rights reserved.
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New Austrian Tunnelling Method (NATM-Műller-Salzburg
and Fecker, 1978; Műller-Salzburg, 1978), of somehow wait-
ing before the insertion of the lining in order to allow some
relaxation at the tunnel boundaries and to permit the formation
of a load-bearing ring in the ground around the excavated
section (Malvern, 1969). In this case, the additional conver-
gence, quantiﬁed in Fig. 1 by a rightward shift of the dotted
curve, is accompanied by a reduction in the force that has
ﬁnally built up in the lining. Such an effect, while being
advantageous for tunnels excavated in ﬁrm ground or rock, is
harmful and must be carefully avoided in the case of soft
cohesive or deformable cohesionless soils, where leaving the
excavation unprotected from the lining may induce intensive
plasticisation or even softening (Attewell et al., 1986). The
problem becomes particularly critical for shallow tunnels built
under densely urbanised areas, as deformation may propagate
up to the ground level and generate intolerable settlements.
Typical countermeasures in these cases span from the
alternate excavation of smaller cross sections (partial face
excavation), associated with the insertion of a sprayed concrete
lining reinforced with ﬁbres (Thomas, 2009), to the provisional
improvement of the surrounding soil by ground freezing,
grouting, forepoling, etc. In extreme cases, “traditional”R
pr
R
pr Stiffer lining response
Stiffer ground response
Delayed insertion of lining
Δ
Δ
Fig. 1. Schematic interaction between ground and lining in tunnel construction
(Pacher, 1964).
Fig. 2. Typical construction sequence of fullmethods may be substituted with shield heading technologies
(e.g., Guglielmetti et al., 2007), the choice being dictated by a
combination of factors including feasibility, construction
speed, cost effectiveness, etc. (Kolymbas, 2008; Chapman
et al., 2010).
The jet-grouting technique consists of creating columns of
cemented material by injecting grout from previously drilled
boreholes. Its great success derives from the possibility of
arranging the columns in many ways, to form structures of
various shapes and dimensions (Croce et al., 2014). For
tunnelling, a portion of cemented material is formed around
the tunnel contour prior to the excavation (Croce et al., 2004)
in order to stiffen the response of the material surrounding the
tunnel and to reduce the stress and radial convergence in the
lining (see Fig. 1). Treatments may be performed either from
the ground surface (Arroyo et al., 2011) or from inside the
tunnel (Russo and Modoni, 2005). In the former case, the
different positions of the machinery for the ground improve-
ment and the excavation allow the construction process to be
speeded up; however, limitations arise from the relatively wide
free spaces requested at the ground level. In the second
solution, which is the case herein analysed, a curved roof,
called a canopy, is formed by injecting a crown of partially
overlapping sub-horizontal columns from the advancing front.
In spite of a slower advance caused by the alternation of
ground improvement and excavation, it is possible to build
tunnels even in densely urbanised areas with this methodology.
Starting from a generic position, tunnelling with temporary jet-
grouted canopies requires the sequence of working phases
illustrated in Fig. 2. It includes, following the longitudinal
section from right to left, the reinforcement of the tunnel’s
front (Fig. 2), the creation of a conical canopy with diverging
jet-grouting columns, the excavation, the addition of sprayed
concrete reinforced with steel ribs, and the placement of the
permanent lining.
Due to the shape of the different elements and to the
sequence of the operations, a complex three-dimensional
mechanism takes place during the different tunnelling phases.
The deformation varies along the longitudinal proﬁle and stress
is activated in the different cross sections ruled by theface excavation with jet grouted canopy.
M. Ochmański et al. / Soils and Foundations 55 (2015) 929–942 931interaction of the soil with the different structural elements. In
this process, the sequence and the timing of the installation
adopted for each element play a fundamental role. For
instance, the cemented materials used to form the canopy
and subsequent linings increase in stiffness and strength during
cement hydration, i.e., in a time scale comparable to the
construction process (Thomas, 2009).
For the above reasons, the mechanical analysis must
comprehensively take account of all factors, while simpliﬁca-
tion should be introduced on a reasoned basis avoiding sound-
like or unaware assumptions. On the contrary, despite a variety
of numerical tools existing nowadays to solve complex
problems, tunnels with jet-grouted canopies are still designed
with simple or empirical rules, leaving too large of a margin of
uncertainty. There are just a few examples of numerical
analyses reported in the literature (Coulter and Martin, 2004;
Pichler et al., 2004; Barla and Bzówka, 2013), but they are
based on two-dimensional schemes and sometimes introduce
assumptions difﬁcult to verify.
A quantitative assessment of the interaction among the
different lining systems and the surrounding soil is performed
herein with a three-dimensional numerical model to investigatev.Gramsci
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Fig. 3. Geometry of the studied tunnel (a) general longitudinal proﬁle; (b) detail of
(c) typical time installation sequence for a span.the mechanisms activated with this tunnelling methodology
and to clarify the role of each element. Great accuracy is then
placed on exactly reproducing the sequence of operations
carried out in a real case study and on simulating the
mechanical response of the different materials with up-to-date
constitutive models. Simpliﬁcations are subsequently intro-
duced into the calculation to estimate their effects on the
quality of the predictions.
2. Geometry and construction sequence
The geometry and the construction sequence analysed in the
present study have been taken from a case study presented in
the literature (Russo and Modoni, 2005). The tunnel is situated
in the northern suburbs of Florence along the Italian “High
Velocity” railway line and runs about six metres below a small
old brick building and a road crossed daily by intense car
trafﬁc (Fig. 3a). Considering the relatively limited length of
this tunnel (about 50 m) and the suitability of jet grouting to
the site stratigraphy (sandy gravel alternated by silty sand), it
was decided that the excavation would be supported by
provisional jet-grouted canopies. Additionally, since the water.0
Steel ribs + shotcrete
Fibreglass tubes
Jet grouting canopy
Concrete lining
(
(
the longitudinal proﬁle and cross section with the construction sequence; and
Fig. 4. Finite element three dimensional mesh of the tunnel (a) entire model;
(b) mesh in the reference sector with a detailed view of the canopy, linings and
dowels.
Fig. 5. Finite element two dimensional mesh of the representative tunnel cross
section.
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necessary to seal the front. The tunnel length was then divided
into seven spans, 6.40 m in length, and excavation was
accomplished simultaneously on the full face to produce a
sub-circular cross section about 11 m in height and 15 m in
width. The front was stabilised by means of 99 ﬁbreglass tubes
drilled on six concentric circles and tightly connected with the
surrounding soil by an injection of grout at a pressure of
0.5 MPa (Fig. 3b). Each anchor was 24 m long, had a circular
section 5 cm in diameter, a Young's modulus equal to 12 GPa,
and a tensile resistance of 500 MPa. The canopy was created
with single ﬂuid jet grouting, injecting for each span of 71
partly overlapping columns 13 m in length, 0.6 m in diameter,
and spanned at a mutual centre-to-centre distance of 0.5 m. Its
peculiar shape, similar to a half frustum of cone, was given by
the orientation of the columns, slightly diverged with respect to
the tunnel axis, to leave sufﬁcient space for the creation of the
next span. The injection of columns proceeded from the pillars
to the crown of the tunnel section, with a fresh-in-hard
sequence, i.e., creating columns after the adjacent ones had
started to harden (Croce et al., 2014). Since the length of the
columns was more than twice the length of the excavation
spans, each cross section of the tunnel was covered by a
double concentric system of jet columns (Fig. 3b). Immedi-
ately after the excavation, carried out in steps of 1 m, a
secondary lining was inserted that consisted of 2 IPN200
coupled steel ribs, spanned at a mutual distance of 0.75 m and
covered by a layer of shotcrete 0.30 m in thickness. The cast-
in-place reinforced concrete lining, whose thickness varied
between 0.55 and 1.10 m to ﬁt the diverging shape of the
canopy, was ﬁnally built some metres at a distance from the
excavation front (Fig. 3b).
In Fig. 3c, the construction sequence of a generic span is
reported. It is worth noting that each phase lasted only a few
days and that the excavation was carried out relatively soon
after the injection of the columns. Considering the time
normally required for cement to fully harden, some interaction
of the excavation with the aging of the cemented material is
then expected. In spite of some delay, the construction of the
tunnel took about 6 months (from January to June 2002).
3. Computation models
The above construction process is simultaneously repro-
duced with two different ﬁnite element models (Abaqus,
2013), one closely replicating the three-dimensional geometry
of the tunnel (Fig. 4), and the other aimed at performing a bi-
dimensional calculation in a representative cross section
(Fig. 5). Since the scope of this work is to analyse the
principles of the tunnelling methodology, the presence of the
building at ground level is disregarded and free ﬁeld conditions
have been assumed in both cases.
3.1. Three-dimensional model
In the three-dimensional model (Fig. 4a), the number of
tunnel spans has been increased to ﬁfteen, in comparison withthe six in the real case, giving a total length of 90 m. This
change has been made to limit the effects of the boundaries
from the calculation, at least in some intermediate portion of
the tunnel. For the same reason, a squared cross section, 80 m
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entire soil block. A very accurate reproduction of the column
installation has been performed in the model, taking the same
time sequence as the above case study, simulating each column
as an independent element and considering the hardening of
the cement with time. In detail, the replacement of the soil with
columns has been achieved by putting two different elements
in the same position, the ﬁrst representative of the soil and the
second simulating the jet-grouted material. The injection of the
columns has then been reproduced by reducing the stiffness of
the soil to zero and temporarily increasing the stiffness of the
jet-grouted material to a small non nil initial value. Then, the
increase in stiffness has been given according to the cement
hydration rate. The front face reinforcement has been modelled
according to the geometry shown in Fig. 3b, simulating each
anchor with a one-dimensional element of equivalent stiffness,
tightly connected with the surrounding soil.
The computational effort has been reduced, thanks to
symmetry, by carrying out the calculation on a half space
and adopting a relatively coarse mesh for the whole model,
with the exception of a central span, taken as a reference for
the analysis of the results, where the mesh has been reﬁned
(Fig. 4b). However, in spite of such a simpliﬁcation, 700
thousand ﬁrst-order tetrahedral elements of variable dimen-
sions, increasing from the tunnel section to the border, and 130
thousand ﬁrst-order hexahedral elements were necessary to
reproduce the entire model. Including the 1D elements to
reproduce the face reinforcement, the model has about
1.1 million degrees of freedom (DOF). The nonlinear equation
system has been solved with the Newton method and unsym-
metric matrix storage (Abaqus, 2013), checking at each
iteration the convergence on the force and the moment
equilibrium with a ﬁxed tolerance of 5  103. To speed up
the calculation, otherwise very slow due to the change in
stiffness matrix at each iteration, and to improve the robustness
of the Newton method, a line search algorithm was used
(Nocedal and Wright, 1999).
The whole computation, run on one node of a high-
performance computing network PL-GRID (12 Intel cores,
96 GB of memory, 8 gpgpu processors), took a range in time
of 48–96 h depending on the constitutive model adopted for
the soil. Despite the fact that the number of DOF is not
particularly large for such a computing system, this long
calculation time was needed due to the disassembly and
reassembly of the computation among CPU, and GPGPU
was needed for each of the 150 calculation steps.
3.2. Two-dimensional model
The 2D model has been created simulating the sequence in
operations carried out in an intermediate tunnel cross section.
At ﬁrst, the installation of two concentric canopies (the outer
pertaining to the previous span and the inner created to protect
the span including the section) is simulated with the same
procedure adopted for the 3D analysis, considering the time
lapse occurring between these two operations. To account for
the three-dimensional effects of the tunnel construction, whichinduce a further deformation of the considered cross section
while excavation moves ahead, and consequently, an increase
in the loads carried out by the structural elements, excavation
has been simulated with a load reduction method (Panet and
Guenot, 1982). It consists of replacing the load acting at the
excavation boundary with a system of nodal forces and
alternating the reduction in these latter forces with the
application of different linings. The current value of the nodal
forces (p) is expressed as a function of the initial value (pr) by
the following relation:
p p 1 1r ξ= ( − ) ( )
The values for ξ have been found to give the best similarity
with the structural forces obtained in the three-dimensional
analysis. It is worth noting that in the two-dimensional
schematisation, the presence of the front anchors cannot be
explicitly taken into account, and thus, it has been considered
with the above-deﬁned procedure.
Thanks to the not particularly high computational effort
required of this analysis, the mesh could be signiﬁcantly
reﬁned in comparison with the previous 3D model. The total
number of ﬁrst order elements is equal to 12 thousand
quadrilateral elements and 21 thousand triangular elements
(50 thousand DOF), but the calculation takes about 0.2 h with
a normal personal computer.3.3. Constitutive relations
The analysis is carried out with three different soil models.
Initially, the undisturbed geostatic stress is calculated by
assigning a unit weight to the soil equal to γ¼18.2 kN/m3
and an earth pressure coefﬁcient at rest equal to K0¼0.36.
Then, the tunnel construction is analysed with a simple linear
elastic–perfectly plastic model with the Mohr–Coulomb failure
criterion, with a hypoplastic model taken from the literature
(von Wolffersdorff, 1996), and with an improved version of
the latter accounting for an intergranular strain concept to
better simulate the soil behaviour at small strain (Niemunis and
Herle, 1997).
In the Mohr–Coulomb model, a variation in Young's
modulus with initial effective conﬁning stress hσ′ has been
introduced to account for the dependency of the soil stiffness
with depth.
The hypoplastic models are generally described by a single
nonlinear tensorial equation yielding the stress rate T ̇ as a
function of stretching rate D
T D D 2Λ Ν̇ = ⋅ + ⋅‖ ‖ ( )
Eq. (2) ensures that the response of the soil is irreversible
(T D T Ḋ( − ) ≠ − ̇( )) without introducing the classical separa-
tion between elastic and plastic strain components typical of
elasto-plasticity. For the present analysis, constitutive tensors
T e,Λ( ) and N T e,( ), which are generally complex functions of
the stress state and the void ratio, are taken from von
Wolffersdorff (1996).
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small strain, Niemunis and Herle (1997) introduced a new state
variable, called “intergranular strain”, and developed a general
tensor formulation accordingly. A Fortran implementation of
this model (Tamagnini et al., 2009) can be freely downloaded
from the internet (www.soilmodels.info). Since the basic
hypoplastic model (von Wolffersdorff, 1996) requires eight
material constants and the extension with the small strain
module introduced by Niemunis and Herle (1997) requires ﬁve
additional constants, a total number of thirteen parameters
must be provided in order to calibrate this model. Considering
the general purpose of the present study and the lack of
laboratory tests on the gravelly materials in the real tunnel, it
was decided that the analysis would be performed on a
reference soil for which parameters are already known. The
adopted parameters for the soil (Table 1) have been taken from
Herle and Gudehus (1999) who reproduced the response of
Hochstetten sand tested at a relative density of 0.8. The
parameters of the Mohr–Coulomb model have then been ﬁxed
in order to reproduce a similar behaviour (see the list in
Table 2).
The simulation of three triaxial tests at different conﬁning
pressures (50, 100, and 200 kPa) with the two hypoplastic
models and with the Mohr–Coulomb model, reported in Fig. 6,
clearly shows the differences among the adopted models. It is
particularly worth noting that the addition of the intergranular
strain concept produces the effect of increasing the stiffness
and amplifying the nonlinearity at small strain, as is typically
observed from experiments on coarse grained materials.
The mechanical behaviour of the cemented materials used
for the jet-grouted canopies, the sprayed concrete, and the
permanent lining, has been simulated with linear elastic–
perfectly plastic models. The failure of shotcrete and concrete
has been modelled with a yield function deﬁned by Lubliner
et al. (1989) and modiﬁed by Lee and Fenves (1998) to
account for a different evolution of strength under tension and
compression, assuming the non-associated ﬂow rule. The
relation between the tensile strength (ftu) and the compressive
strength (fcu) has been assigned according to Neville (1995)
f f0.30 3tu cu
0.67= ⋅ ( )
On the contrary, a Mohr–Coulomb yield criterion with the
associated ﬂow rule has been assumed for the jet-grouted
material, as it was found that a model more similar to that used
for soil increased the stability of the calculation during the
replacement of the soil with the jet-grouted material. Cut-off
tension was also added to consider the limited tensileTable 1
Parameters of the hypoplastic model adopted for calculation (Herle and Gudehus,
Hypoplastic (von Wolffersdorff, 1996)
cϕ′ hs N ed0 ec0 ei0 α β
[1] [GPa] [ ] [] [ ] [ ] [] [ ]
33 1.5 0.28 0.55 0.95 1.05 0.25 1.5resistance of this material (van der Stoel, 2001).
While the friction angle of the jet-grouted material has been
kept constant with cement hardening, a time-dependency
relation, expressed by Eq. (4) (Weber, 1979), has been given
to the cohesion, the maximum tension, and the Young’s
modulus of the jet-grouted material. A similar relation has
been adopted for the compressive strength and the tensile
strength and to the Young's modulus of the shotcrete and
concrete.
e 4
t
28
/χ χ μ= ⋅ ⋅ ( )η
where t is the time expressed in days, χ is the generic
property, 28χ is its value after 28 days, and μ and η are material
constants. The complete list of material constants for the
different materials is reported in Table 3, while Fig. 7 shows
the progress with time of the properties of the jet-grouted
material, the shotcrete, and the concrete. For reference, the
experimental ranges observed for the jet-grouted material by
Arroyo et al. (2007) and the shotcrete by Thomas (2009) are
reported with shaded areas.4. Results of calculation
The main concerns in the design of tunnels are the stability
of the soil and the structural elements and the limitation of the
disturbance to the surrounding structures. Considering these
two concerns, the results presented in the next sections focus
on the settlements at the ground level and on the forces in the
lining. The following description has the double goal of
examining the effects of the different tunnelling phases and
of checking the validity of some simplifying assumptions
introduced into the computation.4.1. Ground settlements
The efﬁcacy of the different computation models is ﬁrstly
compared by checking the ground settlement proﬁles obtained
during and at the end of construction. For this purpose, Fig. 8a
shows the proﬁles of the ﬁnal settlements for an intermediate
cross section of the studied tunnel. Here, the different curves
show the settlements computed with the three-dimensional
setup presented in Fig. 4 and the above-deﬁned constitutive
models (Mohr–Coulomb-MC, simple Hypoplastic – HYPO –,
and Hypoplastic with intergranular strain concept-
HYPOþ ISC) with the two-dimensional calculation (Fig. 5)
with the HYPOþ ISC model.1999).
Intergranular strain concept (Niemunis and Herle, 1997)
mR mT R βr χ
[] [ ] [ ] [] [ ]
5 2 1*104 0.5 6
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produced by an excavation in an intermediate cross section
of the tunnel examined by Russo and Modoni (2005). It is
pointed out that this section is relatively far from the end walls,
and thus, can be assumed to be quite representative of the
undisturbed tunnelling process. Here, the maximum value
(28 mm) was reached on the tunnel central axis, while lower
values (12 and 19 mm) were recorded in two side positions. In
any case, in order to scale the differences between the
modelled and the real tunnel, attention is focused only on
the shape of the proﬁles dividing each set of data by its
maximum value (reported in the legend).
An empirical Gauss type of curve, deﬁned by the following
equation, has also been added for referenceFig. 6. Triaxial compression test at different conﬁning pressure (50, 100 and
200 kPa) simulated with the different models (H – hypoplastic, Hþ ICS –
hypoplastic with Intergranular Strain Concept, MC – Mohr–Coulomb).
Table 2
Parameters of the Mohr–Coulomb model adopted for calculation.
Mohr–Coulomb
E [MPa] ν [dimensionless] c′ [kPa] ϕ′ [deg] ψ [deg]
kPa1 1.2 h
0.6σ+ ⋅( ‵[ ]) 0.3 15 40 10
Table 3
Material constants of the cemented materials.
Material Model Friction angle (deg) Cohesion at
Jet grouted material Mohr–Coulomb 36 1.5
Shotcrete and concrete Lubliner et al. (1989) – fc28
25w
w
r
i
exp
2 5axis
2
2
= (−
⋅
)
( )
w and waxis represent the vertical settlements, r is the distance
from the tunnel axis, and i is a ﬁtting parameter. The shaded
area plotted in Fig. 8a is computed for i ranging from 7 to
11 m; these values have been derived from an empirical
relation suggested by Peck (1969) for tunnels excavated in
sandy materials.
The ﬁgure immediately shows that the proﬁles computed
with the hypoplastic models have, consistently with observa-
tion, the typical upward concave bell shape, while the
calculation with Mohr–Coulomb (MC) produces a global
heave of the ground level. These results, induced by the stress
relaxation produced in the lower soil portion by the removal of
excavated material, becomes predominant in the linear elastic–
perfectly plastic model because of the limited stiffness given to
reproduce the soil response during the ﬁrst loading (see Fig. 6).
On the other side, the calculation with the two hypoplastic
models (HYPO and HYPOþ ISC) shows a different propaga-
tion of the effects of tunnelling with distance. In particular, the
increase in nonlinearity and the higher stiffness in the initial
phase of loading, given by the intergranular strain concept (see
Fig. 6), tend to bring about a concentration of strain near the
tunnel, where the shear stress level is maximum, and to reduce
the deformation at larger distances. In spite of the above
differences, this trend seems to be validated by the experi-
mental results.
The same effect can also be seen from the longitudinal
proﬁles reported in Fig. 8b. This plot reports the ground
settlements at the centre of an intermediate cross section
produced by the advance of the excavation front. Settlements28 days (MPa) Tension at 28 days (MPa) E28 (GPa) μ η ν
0.8 5 1.33 1.9 0.3
ft28 E28 (GPa) μ η ν
2.5 25 1.08 0.92 0.3
Fig. 7. Time evolution of the properties of the cemented material.
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monitored section and the excavation face (negative when
excavation is before the monitored face). The values measured
by Russo and Modoni (2005) in different positions have also
been reported for reference. In the ﬁgure, the different lengths
of the monitored and the computed tunnel (50 and 180 m,
respectively) have been taken into account scaling each set of
data with the following formula:
W
w w
w w 6L
0
0
= −
− ( )
For the experimental data, w0 and wL simply represent the
settlements computed at the beginning and the end of the
excavation. For the numerical data, w0 and wL are the
settlements obtained for a distance between the excavation
face and the reference section equal to 25 m and þ25 m,
respectively. In this way, the reference section is located
exactly in the middle of a 50-m-long tunnel, and the settle-
ments induced by the excavation at farther distances, not
present in the real tunnel, are discounted.
Even this second plot yields a lower steepness of the curves
computed with HYPO, in comparison with that obtained from
the calculation with HYPOþ ISC. These results, also sup-
ported by the experimental evidence, conﬁrm the role of the
higher nonlinearity of the soil response on the conﬁnement of
deformation near the excavated front.Fig. 8. Computed and measured ground settlement proApart from the shape of the proﬁles, the adopted soil models
also have important consequences in terms of the total amount
of displacement. In fact, the ﬁnal settlement computed with
HYPOþ ISC is much lower (20 mm) than the one obtained
with the simple HYPO (82.5 mm). Such a difference can be
once more explained as an effect of the increased stiffness of
the HYPOþ ISC model at small strain, which produces a lower
deformation in the soil mass affected by lower shear stress.
Unluckily, an experimental validation of the above numbers
with measurement is not possible, mostly because of the
different subsoil conditions (sandy gravels above silty sands
in the real tunnel and dense sand in the computed one).
However, it is worth noting that the maximum measured
settlements are relatively low, ranging from 9 to 28 mm.
A ﬁnal comment must be given on the role of three-
dimensionality and on the appropriateness of the simpliﬁed
two-dimensional calculation. The shape of the transverse
proﬁles computed with the two-dimensional model is similar
to that obtained with the three-dimensional model (both
computed with the HYPOþ ISC soil model), but the value
of wmax is much lower (4 mm). It must be noted that these
results are a consequence of the assigned load reduction factor
ξ (Eq. (1)) and that the settlements can be modiﬁed by acting
on it. In the present case, the values for ξ, pertaining to the
different construction phases, have been ﬁxed to reproduce
forces in the lining similar to those obtained with the three-
dimensional calculation. In particular, a value for ξ equal toﬁles in the cross (a) and longitudinal section (b).
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spans, as also suggested by Muir Wood (1975) and Mőller and
Vermeer (2005), values of 0.8 and 0.9 have been given to
simulate subsequent excavation and installation of the lining. It
is rather difﬁcult to ascribe the different settlements to a single
factor, as the geometry and the construction sequence in the
two- and three-dimensional analyses are deﬁned in very
different ways, but a warning on the prediction of settlements
with the two-dimensional analysis is yielded from these
results.
4.2. Mechanisms induced by tunnelling
In an attempt to understand the mechanisms activated by the
different tunnelling phases, attention is now placed on the
different curves computed with the HYPOþ ISC model. In
Fig. 9, the sequence of operations carried out near the
reference section (schematized in Fig. 9a) is linked to the
cross sectional proﬁles corresponding to the different phases
(Fig. 9b) and to the longitudinal proﬁle (Fig. 9c). The
transverse proﬁles immediately show that the excavation of
the tunnel spans before the reference section (phase I) produces
quite limited settlements, with a maximum of about 3 mm in
the central axis. Since these settlements arise from the
deformation propagating in the soil portion ahead of the tunnel
face, it is logical to assume that the jet-grouted canopy and the
face anchors are able to inhibit this propagation.
Thereafter, the curves corresponding to phases I and II are
practically overlapping, as proof that the installation of the
canopy produces negligible effects on the surrounding soil.
Remembering that the installation sequence and the hardening
of each column have been carefully reproduced in the calculation,
these results can be justiﬁed considering the fact that each column
occupies a limited space and that the adjacent, previously
injected, columns have sufﬁciently hardened and have developed
enough stiffness to support the nearby cavity ﬁlled with freshly
injected material. As a practical consequence, the installation of a
canopy in the numerical model can be noticeably simpliﬁed,
without giving the complete and time-consuming construction
sequence of columns, but directly replacing the soil with the
hardened material.
On the contrary, the curves representative of the next phases
(III and IV) reveal that most of the settlement is due to the
changes in the stress–strain induced by the excavation. The
span between curves II and III represents the settlement
induced by the excavation just below the reference section,
while the intermediate curves between phases III and IV
(coloured with grey) show the effects of the construction of
the subsequent spans of the tunnel. Although the insertion of
the second temporary lining (shotcrete and steel ribs), and of
the stiffer permanent lining, produces a backward propagation
of stress and deformation, this effect becomes less important
with the progress of the excavation.
The development of ground movement with the tunnelling
operations can also be seen from Fig. 9b. Here, the vertical
displacements of three points in the reference section, A and B
located at the bottom and top of the tunnel section,respectively, and C positioned at the ground level, are plotted
versus the distance between the reference and the excavation
sections.
The curve representative of point A shows an initial progres-
sive uplift due to the removal of soil weight in the closer portions
of the tunnel, which reaches a peak when the soil immediately
below is excavated. At the same time, points B and C suffer
downward settlement caused by the increase in load in the
canopy and temporary lining. The overlapping of the curves for
B and C suggests that the deformation mostly occurs at the base
of the tunnel, while the upper portion moves almost rigidly. After
the installation of the secondary and permanent lining, the
excavation of further spans produces a rigid downward shift
on all points (A–C), suggesting that the previously built portion
of the tunnel and the upper soil form a unique body.
Mair and Taylor (1997) identiﬁed the main deformation
mechanisms induced by tunnelling in the extrusion of the driving
front and in the loss of the tunnel cross section caused by the
variation in stress in the soil around the contour and by the
contraction of the lining. The effects produced on tunnels with
jet-grouted canopies are summarily shown in Fig. 10, where the
displacement computed immediately after the soil excavation is
plotted for a slice of the model near the driving face. This ﬁeld of
vectors highlights the three-dimensional nature of the phenom-
enon created near the front, where the stress relaxation produces
a ﬁeld of vectors entering from all directions.
With particular regard to the tunnel's front, the face
extrusion tends to propagate ahead and above, where it
eventually reaches the ground surface producing a downward
movement. In the most unfavourable cases, when shallow
tunnels are built in poor soil conditions, funnel-type failures
may take place, as recorded by Croce et al. (2004) and
analysed by Egger (2001). In the adopted tunnelling metho-
dology, the instability of the front is counterbalanced by the
combined action of the jet-grouted canopy and of the front
anchors (see Fig. 10a). The former creates a protective shield
limiting the propagation of strain to the upper ground and
reduces the force necessary for stability; the front anchors tie
the soil immediately after the front to the portion ahead. The
combination of these two measures signiﬁcantly limits the face
extrusion giving displacements lower than 5 mm.
Looking at the tunnel contour (Fig. 10a), the variation in
stress state is responsible for some heave at the base of the
cavity, whereas downward displacements generally occur in
the upper arch. It is worth noting that the presence of a jet-
grouted canopy and the shotcrete signiﬁcantly reduces the
inward convergence of the upper arch. Some convergence,
shown by the horizontal displacements increasing from the
side to the bottom, occurs in the lower part of the canopy
mostly because there is limited opposition to the movements of
the foot. This deformation is inhibited in the subsequent
tunnelling phases with the insertion of the ﬁnal lining, or at
least of its invert, as it forms a closed ring.
In conclusion, the detailed view of the canopy, given in
Fig. 10b, shows that the prevailing part of the settlements is
due to a concentration of stress near the foot of the canopy.
The ﬁeld of vectors motivates the typically adopted
Fig. 9. Settlements induced by the different tunnelling operations (a) sequence of phases; (b) transverse proﬁles; and (c) longitudinal proﬁles.
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capacity at the foot of the canopy with sub-vertical jet-grouted
columns or a decrease in the distance between the ﬁnal lining
and the driving face. In many cases, the invert can be created at
a smaller distance from the excavation front, while the upper
arch is built when the excavation has been completed.
4.3. Structural forces
The evolution of the normal forces and the bending
moments in the different lining components (jet-groutedcanopy, provisional shotcrete, and permanent concrete sup-
port), determined by the construction sequence, is ﬁrstly
viewed from the calculation with the most complete model
(three-dimensional with HYPOþ ISC). Fig. 11 reports the
situation observed in the reference cross section, where each
value can be evaluated orthogonally to the axis of the lining
(represented by the dot dashed line). In order to compare the
forces in the different elements and to give an immediate
interpretation of the results, the same scale is used for the
different lining systems, distinguishing the curves pertaining to
the different construction phases.
Fig. 10. Displacements of the soil (a) and jet grouted canopy (b) computed with the HYPOþ ISC model immediately after excavation.
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is produced during its installation (dotted line), while a larger
increase arises from the excavation of the soil immediately
below (see the lower grey curve). Further increases in the
normal forces (upper grey lines) come from the excavation of
the subsequent canopies, but these effects are progressively
less relevant being limited by the installation of the provisional
(shotcrete and steel ribs) and the permanent (concrete)
supports. This evolution ends with the black solid line
representative of the completed construction.
The effectiveness of the secondary lining as a reinforcement
of the upper canopy can be seen from the signiﬁcant increase
in normal forces during the excavation. Such an increase is
maximum for the spans placed immediately after the reference
section (dotted lines), while it becomes less and less important
with the creation of the next canopies and the excavation of
subsequent spans, mostly because of the presence of the ﬁnal
concrete lining. After its installation, this element adsorbs the
greater part of the stress compared with the previous two
supporting systems. An explanation can be found partly in the
higher thickness and the stronger material forming the ﬁnal
lining (see Fig. 4b), but moreover in the closed-ring shape of
this element. In fact, the lower invert adsorbs a large part of the
vertical loads transferring them to the foundation soil and, as a
consequence, the normal forces on the two side pillars increase
noticeably throughout construction. On the other side, the
small normal forces in the crown show that the temporary
linings adsorb much of the soil's horizontal thrust on the upper
portion of the tunnel.
This mechanism can also be seen when looking at the
bending moments, generally low for all the structural elements
thanks to their peculiar shape speciﬁcally given to adsorb loads
with compressive stress. However, while moments are practi-
cally nil on the canopy and the shotcrete lining, they becomenon negligible at the invert of the concrete lining. Here,
superposed to the initial bending moment given by the self-
weight of the invert, an inversion is produced due to the thrust
of the lower soil when the excavation is carried out.
The curves obtained at the end of construction with the
different models (three-dimensional with HYPOþ ISC,
HYPO, and MC and bi-dimensional with HYPOþ ISC)
are now summarily plotted in Fig. 12 to evaluate the
role of the simpliﬁcations introduced in each model. In
general, the differences are not particularly large, since most
of the curves are practically overlapping. Looking more
carefully at the plots, the values are very similar for the jet-
grouted canopy and for the side portions of the shotcrete and
the concrete linings, while some differences are seen for the
upper portion of the shotcrete lining and the invert of the
concrete lining.
The ﬁrst result can be explained considering that, while
displacements at the ground level are affected by the global
deformation of the whole soil mass, different from case to case
(see Fig. 8), the stress in the lining depends primarily on the
deformation of the soil portion around the cavity. According to
Fig. 12, it seems possible to assume that the latter is not
particularly inﬂuenced by the nonlinearity of the soil response.
A meaningful difference stands on the contrary in the bending
moments at the invert of the ﬁnal lining. Here, the larger values
given by Mohr–Coulomb, compared with the HYPO and
HYPOþ ISC models, are due to the higher bulging tendency
of the tunnel ﬂoor given by elasticity.
The different normal forces at the crown of the shotcrete
lining and at the concrete invert are the effects of the horizontal
loads given by the surrounding soil to the tunnel side.
Although not immediate, the different levels of stiffness and
the tendency to dilate at small strain, typical of each model,
could explain the divergence among the different curves.
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two-dimensional calculation. In this case, the plots computed
for the three structural elements at the end of construction
show results similar to those computed in the three-dimen-
sional analysis (both with HYPOþ ISC). However, it must not
be forgotten that these results are strongly governed by the
values of factor ξ used to reduce loads in the different
construction phases (Eq. (1)). As written in the previous
sections, the similarity with the three-dimensional model has
been obtained giving ξ equal to 0.4 prior to the installation of
the canopy, 0.8 before the installation of the shotcrete, and
0.9 before the installation of the ﬁnal lining.5. Conclusions
Numerical models offer a unique opportunity to perform
mechanical analyses of the construction of shallow tunnels with
jet-grouted canopies. They allow the quantiﬁcation of the
complex interaction between the soil and the structural elements
and the prediction of the effects of the different tunnelling
operations, giving a complete picture of the phenomena other-
wise only imagined. However, the complexity of the geometry
inherent with numerical models requires the adoption of models
that are able to reproduce the three-dimensionality of the
phenomena, the procedure of the operations, and theFig. 11. Development of structural forces in the jet grouted cannonlinearity and the time-dependency of the mechanical beha-
viour of the different materials.
The simulation was carried out here with the most complete
model (three-dimensional model with HYPOþ ISC) and has
shown the positive action of jet-grouted canopies and face
anchors in ensuring the stability and in limiting the disturbance
to the surrounding environment. The growth of the structural
forces with the tunnelling operations explains the role of each
element and its interaction with the other supporting systems.
The canopy adsorbs a large part of the loads induced by the
excavation, developing a pattern of normal forces. The
shotcrete lining, inserted some distance from the excavation
front, reinforces the canopy that adsorbs the stress arising from
the excavation of the subsequent sectors. These two provi-
sional systems practically stop the carrying of additional loads
when the ﬁnal lining is installed, the latter being much stiffer
due to a larger thickness and a closed-ring shape.
Thanks to the high circumferential stiffness of this articu-
lated system, the inward convergence of the tunnel cavity and
the resulting effects at ground level become tolerable, also with
the help of the action of the face anchors. Under this condition,
the horizontal strain and the angular distortion computed at the
ground level equal 4.8e4 and 1.3e3, respectively, and
provoke slight to very slight damage according to the indica-
tions provided in the literature (e.g., Boscardin and Cording,
1989).opy, provisional shotcrete lining and ﬁnal concrete lining.
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is the rigid downward movement produced by a deformation
of the soil near the foot of the canopy. Possible counter-
measures could then consist of a reinforcement of the founda-
tion of the canopy or in the anticipated installation of the ﬁnal
lining (or at least the invert).
Another, no less important, aspect addressed in the present
paper concerns the complexity necessary to perform a simula-
tion. It is well known that calculations that are too difﬁcult
and/or time-consuming discourage practitioners, pushing them
toward oversimpliﬁed and empirical rules, often lacking in
sufﬁcient scientiﬁc bases. Bearing in mind this issue, the role
of model simpliﬁcation has been investigated by a comparative
analysis. Firstly, the very accurate installation of columns
achieved in three-dimensional models, i.e., considering their
exact injection sequence, is not strictly necessary as the
hardening of the jet-grouted material is relatively fast and the
canopy behaves as a whole, starting to adsorb stress soon after
its completion.
Secondly, the analysis of settlements has revealed the need
to correctly simulate the nonlinearity of the soil response from
the early stages of loading. Models that are not fully reﬁnedFig. 12. Comparison of structural force(e.g., HYPO) tend to propagate deformations at very large
distances and yield higher settlements, while linear models
(e.g., MC) are to sensitive to the stress relaxation induced by
the excavation and generate a ground heave which may
masque other relevant effects. However, when rigid move-
ments are removed, a reliable pattern of deformation is
obtained for the jet-grouted canopy. As a practical conse-
quence, the structural forces can be predicted even
with the Mohr–Coulomb model, without any particular
reﬁnement.
Similar distributions of the structural forces can also be
obtained with a two-dimensional model, provided that three-
dimensional effects are reproduced with correct assumptions.
While indications have been provided in this paper, warnings
appear when this analysis is aimed at estimate settlements.
As a ﬁnal comment, the jet-grouted canopy has been
assumed to be without imperfections throughout this paper,
whereas experience shows that drawbacks are possible due to
erroneous estimates of the effects of the technology (Flora
et al., 2013) or to the inaccurate control of the drilling and
injection operations (Croce and Modoni, 2007). The conse-
quences of these defects, already studied for other applicationss computed with different models.
M. Ochmański et al. / Soils and Foundations 55 (2015) 929–942942of jet grouting (e.g., Lignola et al., 2008; Modoni and Bzówka,
2012; Modoni et al., accepted; Eramo et al., 2012) cannot be
ignored when applied to tunnelling operations.
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